INTRODUCTION
Tumour necrosis factor-a (TNF) is a Mr-17000 glycoprotein described originally as a factor which produced haemorrhagic necrosis of tumours. Subsequent delineation of the actions of this cytokine suggests that it plays a prominent role in the regulation of inflammatory responses. TNF induces a 'primed' state in neutrophils, characterized by increased neutrophil adherence [1, 2] , increased antibody-dependent tumour-cell cytotoxicity [3] , and an enhanced oxidative burst [4] [5] [6] [7] [8] [9] . TNF also enhances neutrophil expression of complement receptors and the adhesive protein, Mac-I [10, 1 1] . A role for TNF in inflammatory responses in vivo is supported by increased serum levels of TNF in children with Gram-negative septicaemia and following infusion of endotoxin to normal individuals [12, 13] . In addition, administration of anti-TNF antibodies prevented fatal bacterial septicaemia in animal models [14, 15] , whereas treatment with TNF protected against fatal Legionella pneumophila infection in mice [16] .
Neutrophil responses to bacterial infections are thought to be stimulated by formyl peptides, such as N-formylmethionylleucyl-phenylalanine (FMLP) [17] . Formyl-peptide receptors are one of a family of receptors coupled to intracellular effector enzymes by guanine-nucleotide-binding proteins (G-proteins). Atkinson et al. [4] reported that short-term exposure of neutrophils to TNF altered the dissociation constants of formyl-peptide receptors without changing the total number of receptors sites. They suggested that the functional alterations produced by TNF were related to the altered receptor affinities.
To examine the mechanism by which TNF primes the respiratory burst, we studied the effect of exposure of HL-60 granulocytes to TNF. Differentiated HL-60 cells acquire many of the features of neutrophils, including receptors for formyl peptides, the ability to undergo directed migration to chemoattractants, and the ability to produce superoxide in response to FMLP [18] [19] [20] . The results demonstrate that TNF enhances transmembrane signalling by regulating the expression of formylpeptide receptors independently of G-protein levels. 
MATERIALS AND METHODS

Reagents
Pertussis-toxin-stimulated ADP-ribosylation
Pertussis toxin (100 jug/ml) was activated by dilution with an equal volume of 100 mM-dithiothreitol and incubated for 10 min at 30 'C. Membranes (40-100 ,ug of protein) were incubated for 60 min at 37 'C in a volume of 50 ,1 containing 200 mM-Tris/HCI, pH 7.5, 6.3 mM-MgCI2, 2 mM-ATP, 2 mmthymidine, 2 mM-arginine, 100 ,ug of activated toxin/ml and 1 /sM-[32P]NAD' (20 ,Ci/nmol). After this incubation, 50 ,1 of detergent buffer (125 mM-Tris/HCI, pH 6.8, 4% SDS, 20% glycerol, 10 % 2-mercaptoethanol) was added, the samples were boiled for 5 min at 95 'C, and then subjected to SDS/PAGE (10 % gels). Autoradiography of the dried gels was performed.
Immunoblotting
Membrane protein was subjected to SDS/PAGE, and the separated proteins were transferred electrophoretically to nitrocellulose paper. An antibody to G-protein subunits ai1 and ac2 (AS/7) produced in rabbits was used at a dilution of 1:500. Peroxidase-labelled anti-rabbit IgG was used to detect protein bands.
Prostaglandin E2 (PGE2) assay
The concentrations of PGE2 were determined by radioimmunoassay. Antibodies to PGE2 were obtained from Sigma, and cross-reacted by < 1% with all prostaglandins, except for 3.2 % with PGE1. The radioimmunoassay was performed in a reaction mixture (final volume 100 #I) containing 0.1 Mphosphate buffer (pH 7.4), 0.15 M-NaCl, 0.1 % NaN3, antibody and [3H]PGE2. After incubation for 10 min at room temperature and then at 16 h at 4 'C, a charcoal-dextran mixture was added and the suspension centrifuged at 1000 g for 10 min. The radioactivity in the supernatant was determined by scintillation spectrometry. All assays were performed in duplicate.
RESULTS
Superoxide and PGE2 response
We have reported that cultivation of HL-60 granulocytes with 100 units of TNF/ml for 24 h is optimal for TNF-enhanced superoxide release from HL-60 cells upon stimulation by FMLP [26] . PGE2 production stimulated by FMLP in control cells and HL-60 cells cultivated with 100 units of TNF/ml for 24 h is shown in Table 1 . Cultivation with TNF did not alter the PGE2 production by unstimulated HL-60 cells. PGE2 released upon stimulation with an optimal (1 #M) and a sub-optimal (30 nM) concentration of FMLP was increased about 4-fold in cells pretreated with TNF.
To determine if TNF enhanced cell responses by altering transmembrane signalling or intracellular effector enzymes, superoxide production after stimulation with FMLP or the diester phorbol myristate acetate (PMA) was compared. Table 2 demonstrates that FMLP-stimulated superoxide production is enhanced 3-fold by cultivation with TNF. The HL-60 cell superoxide response was greater after PMA stimulation than Regulation of formyl-peptide receptors Membranes were prepared from differentiated HL-60 cells cultivated with 100 units of TNF/ml for 24 h (TNF-M) and from normal HL-60 cells from the same cell culture (NM). Formylpeptide-receptor levels in TNF-M and NM were examined by radioligand-binding assays. Scatchard transformation of the binding data gave curvilinear plots (Fig. 1) . A computerized nonlinear least-squares curve-fitting procedure indicated that a twosite model was a significantly better fit for both membranes than a one site model (P < 0.001). 
Regulation of G-proteins
Formyl-peptide receptors have been shown to couple to G,2 and G13 in HL-60 cells [29] . Pertussis toxin abolishes FMLP activation of G-proteins in HL-60 cell membrane [19] and catalyses the ADP-ribosylation of G1a subunits, which displayed an Mr of 40000-41000 on SDS/polyacrylamide gels. The quantity of pertussis-toxin substrate in NM and TNF-M was compared by autoradiography and densitometry after [32P]ADPribosylation of G,ca catalysed by pertussis toxin (Fig. 4a) . The amount of pertussis-toxin-catalysed labelling was not different between the two membranes.
Membrane content of Gia2 was also quantified by immunoblot analysis using the anti-peptide antiserum AS/7 130]. This antibody recognizes both G,al and G,a2; however, Gcal is not [31] .
Under the conditions of our assay, the new formyl-peptide receptors detected on TNF-M expressed a high affinity. To determine if the new receptors induced by TNF were fundamentally different from those on normal HL-60 granulocytes, the ability of these receptors to be converted into a low-affinity state by guanine nucleotides was studied [28] . GTP Since formyl-peptide receptors have been shown to be coupled to G12 and G13 in HL-60 cells [29] , the membrane expression of these G-proteins was examined. As opposed to the effects on formyl-peptide receptors, TNF did not alter the level of G1
proteins. No differences in Gi levels were detected by pertussistoxin-catalysed ADP-ribosylation. The relative quantities of Gi2 in NM and TNF-M were determined by immunoblotting.
Although the antiserum used detects both subunits ail and a212, a I is not expressed by HL-60 cells [29] . There was no difference in the levels of az2 between NM and TNF-M. These results suggest that G-protein levels are not regulated by the number of G-protein-coupled receptors.
The functional interaction between formyl-peptide receptors and their G-proteins was examined by measuring FMLPstimulated G-protein activation. Receptor-specific GTP[S] binding was enhanced by 57 % in TNF-M, whereas receptor-specific GTP hydrolysis was enhanced by 47 %. In the absence of FMLP, GTPase activity did not differ between TNF-M and NM, whereas GTP[S] binding was greater in TNF-M. The increased basal GTP [S] binding in TNF-M may result from the increased receptor number, also. We have previously shown that pretreatment of HL-60 cell membranes with either pertussis toxin or cholera toxin decreases both stimulated and basal GTP[S] binding and GTPase activity. Gierschik & Jakobs [32] have explained this finding by proposing that unoccupied receptors are responsible for part of the basal activity observed. Therefore the increase in formyl-peptide receptors induced by TNF may be sufficient to increase basal G-protein turnover in TNF-M.
The mechanism by which TNF enhances transmembrane signalling to FMLP is likely to be an increase in formyl-peptide receptors. The percentage increase in receptors was similar to the increases in FMLP-stimulated G-protein activation in TNF-M. Calculation of receptor efficiency of G-protein activation indicates that formyl-peptide receptors on TNF-M are no more efficient at G-protein activation than those on NM. However, alteration in transmembrane signalling may not be the only mechanism by which TNF enhances HL-60 cell responses. The 50 % increase in G-protein activation stimulated by FMLP is less than the 3-4-fold increase in superoxide production and PGE2 release. It is possible that G-protein activation ofeffector enzymes is also enhanced by TNF. The failure of TNF to enhance PMAstimulated superoxide release suggests that TNF has no effect on protein kinase C or the NADPH oxidase. Examination of other possible mechanisms of action of TNF will require measurement of effector enzyme activity in TNF-treated intact cells following stimulation by FMLP.
The basis for TNF regulation of formyl-peptide-receptor expression was not examined. Hormonal regulation of /Jadrenergic receptor expression has been reported for glucocorticoids, thyroid hormones and sex steroids [33] . Our results suggest that hormonal regulation of other G-protein-coupled receptors can occur. Immunologically active cytokines, of which TNF is a prominent example, should be added to the list of hormones which regulate receptor expression.
